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Introduction
Proper regulation of gene expression is of utmost impor-
tance to ensure maintenance of cell integrity, coordinated 
cellular differentiation, and adequate responses to external 
and internal cues.
Nuclear transcription is exerted by three RNA poly-
merases, RNA polymerase I (Pol I) exclusively dedicated 
to transcription of ribosomal RNA (exception: 5S rRNA), 
RNA polymerase II (Pol II) transcribes mRNA and non-
coding RNAs, and RNA polymerase III (Pol III) produces 
tRNAs and 5S rRNA.
With the introduction of labeled nucleosides that 
become incorporated into nascent RNA, it was realized 
that nuclear transcription does not occur randomly distrib-
uted throughout the nuclear volume but rather is found in 
discrete regions within the nuclear space (Haeusler and 
Engelke 2006; Jackson et al. 1993; Wansink et al. 1993). 
These foci were shown to colocalize with the active forms 
of the polymerases as well as with actively transcribed 
genes, thus establishing these foci as important entities in 
the process of gene expression (Cisse et al. 2013; Ghamari 
et al. 2013; Iborra et al. 1996; Schoenfelder et al. 2010; 
Verschure et al. 1999) where most of nuclear transcription 
takes place (Buckley and Lis 2014; Deng et al. 2013; Edel-
man and Fraser 2012). These foci were named transcription 
factories (TFs) (Iborra et al. 1996). Existence of compart-
mentalized transcription sites within nuclei is considered 
necessary to ensure efficient RNA production by increasing 
temporal and spatial availability of molecules involved in 
gene expression control. It was shown that genes tend to 
share transcription factories, that co-regulated genes often 
occupy one and the same transcription factory, and that 
specialized transcription factories exist for certain genes 
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(Denholtz et al. 2013; Li et al. 2012, 2013; Papantonis et al. 
2012; Park et al. 2014; Schoenfelder et al. 2010). However, 
the concept of transcription factories is not universally 
accepted, and concerns about the formation of transcription 
factories and about functional consequences were raised 
[for a review, see (Sutherland and Bickmore 2009)].
Transcription by Pol I is often understood as paradig-
matic for localized nuclear transcription and sometimes 
embraced by the term transcription factory. Nevertheless, 
there exist clear differences between Pol I and Pol II tran-
scription, e.g., the nucleolus is the site of the by far high-
est transcription rates in the nucleus, the nucleolus-specific 
ribosomal DNA (rDNA) is present in a unique structure, 
rDNA is the only target of Pol I, and transcription is spa-
tially confined to a conspicuous nuclear organelle, the 
nucleolus [for reviews, see, e.g., (Farley et al. 2015; Raska 
et al. 2006)].
In this review, we compare nucleoli with transcription 
factories in the nucleoplasm, in particular Pol II factories, 
by highlighting commonalities and differences between 
these two entities with a focus on morphological considera-
tions in mammalian cells.
Morphology of transcription sites
Transcription factories
Unlike nucleoli, TFs cannot be morphologically identi-
fied in the microscope. Initially, they were detected by 
tagging nascent transcripts (Fig. 1a) via incorporation of 
labeled nucleotides (Jackson et al. 1993). Later, immu-
nohistochemical detection was introduced because it is 
more versatile (e.g., antibodies against the elongation-spe-
cific Ser2P RNAP II). Pol II subunit fusion proteins have 
recently been used to visualize transcription factories and 
allow to study transcription factory dynamics in real time 
(Cisse et al. 2013). As the average diameter of transcrip-
tion factories is about 87 nm [for comparison the fibrillar 
center (FC), a functional analogue in human nucleoli, and 
measures on average about 500 nm], attempts were made 
to localize transcription factories at the ultrastructural 
level. Previous EM studies found that the perichromatin 
compartment, i.e., the area surrounding dense chromatin, 
is the site of Pol II transcription (Fakan 1976, 1994; Fakan 
and van Driel 2007). Detection of transcription factories in 
conventional TEM preparations using immunogold-labe-
ling (Iborra et al. 1996; Wansink et al. 1996) shows labeled 
entities outside dense chromatin touching the chromatin 
surface. These findings were corroborated using a correla-
tive light microscopy/EFTEM approach on erythroid cells 
where it was shown that transcription factories consist of 
a protein-rich core surrounded by nucleosomal chromatin 
(Eskiw and Fraser 2011). Furthermore, in this study, it was 
shown that during cellular differentiation, the transcription 
factories were larger than those of cancer cells described 
previously which is consistent with the hypothesis that 
coregulated genes tend to occupy specialized transcription 
factories. Another question concerns the localization of 
promoters, gene bodies, and nascent transcripts in relation 
to transcription factories. The kinase CDK9 is responsible 
for the progress of transcriptional elongation by impart-
ing Ser2P modification of Pol II. In a live-cell approach 
(Ghamari et al. 2013), it was used to correlate with Ser2P 
(transcription elongation) and Ser5P (transcription ini-
tiation) antibodies. It was shown that Ser5P always colo-
calized with CDK9, whereas Ser2P extended away from 
transcription factories, suggesting that initiation and elon-
gation takes place in different compartments (Ghamari 
et al. 2013).
Nucleoli
The nucleolus is the morphological correlate of ribosome 
biogenesis. It is subdivided into three compartments that 
can be distinguished based on morphological, molecular 
as well as functional criteria. Electron microscopic images 
(Fig. 1b) show that two fibrillar components can be dis-
tinguished with the FC being less electron dense than the 
surrounding dense fibrillar component (DF). Both struc-
tures lie embedded in the granular component (GC). rRNA 
transcription is associated with the fibrillar components, 
whereas later steps of rRNA processing and assembly of 
ribosomal subunits take place in the GC (Fig. 1c). Nucleo-
lar transcription takes place at the interface between FC 
und DF (Hozak et al. 1994; Mosgoeller et al. 2001), and 
occurs there in foci (Mosgoeller et al. 1998). Consist-
ent with these observations, Pol I and the important tran-
scriptional cofactor UBF (upstream binding factor) are 
most abundant in FCs and occur at lower intensities in 
DF. rRNA can be found in DF and GC where coordinated 
processing of the 45S pre-rRNA takes place. The precise 
topology of active TUs and flanking IGS is still not known 
in detail. Previously, it was shown with conventional 
wide-field microscopy that TU and IGS are colocalized 
(Wachtler et al. 1991), and recently in a 3C study, a modi-
fied model was proposed suggesting a core–helix rDNA 
structure (Denissov et al. 2011).
In HeLa cells, it was estimated that one FC houses about 
500 molecules of Pol I, and it is estimated that around 
100 Pol I molecules are active on a single TU. Approxi-
mately four TUs are transcribed per FC/DF interphase, and 
because a HeLa cell contains approximately 30 FC foci, it 
was calculated that there exist around 100–120 active TUs 
per HeLa cell (Dundr et al. 2002a; Haaf et al. 1991; Jack-
son et al. 1998).
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The transcriptionally inactive rDNA genes are predominately 
localized at the periphery of nucleoli where they are often found 
in the vicinity of larger heterochromatin aggregations called 
NADs (nucleolus-associated domains). In cells with low rRNA 
transcription rate, small foci of rDNA (satellite nucleoli) can 
sometimes be seen lying in the nucleoplasm.
Fig. 1  a BrU incorporation to visualize nascent transcripts, HeLa 
cell, confocal image (projection) Bar 5 µm b Nucleolus of HeLa cell, 
sketch of Christmas tree in relation to the fibrillar complex where 
transcription takes place (inset), TEM Bar 1 µm c In situ hybridiza-
tion to detect rRNA which is present in df and gc, HeLa cell, TEM, 
Bar 1 µm, fc fibrillar center, df dense fibrillar component, gc granular 
component
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The transcribed sequences differ substantially between Pol 
I and Pol II transcription sites. The sequences that attach 
to transcription factories are typically the promoters of 
actively transcribed or poised genes, which are accessi-
ble for Pol II molecules. Sequences that can be found in 
one transcription factory can come either from neighbor-
ing or distant loci of the same chromosome territory (CT) 
or from separate CTs. In the latter case, they can form 
long-range loops as often observed in coregulated loci dur-
ing cell differentiation processes (Park et al. 2014). This 
spatial organization is understood to be pivotal for tran-
scription linking chromatin architecture to coordinated 
gene expression (Kagey et al. 2010; Zhang et al. 2013). 
Prime examples for such long-range loop associations of 
induced genes forming a transcription factory are the dif-
ferentiation-related activation of globin genes. The highly 
expressed ß-like globin gene Hbb-b1 in murine erythroid 
cells shows significant colocalization with transcription 
factories (Osborne et al. 2004). In addition, it was demon-
strated that the locus control region (LCR) which is needed 
for efficient transcription of ß-globin genes is crucial for 
the association of ß-globin genes with active forms of Pol 
II (Ragoczy et al. 2006). Subsequently, the association 
of murine globin genes was confirmed in a genome-wide 
study, and furthermore, it was shown that the globin-spe-
cific transcription factor Klf1 mediates the co-association 
of Klf1-regulated genes which are found in specialized 
transcription factories (Schoenfelder et al. 2010). Recently, 
differentiation-related long-range interactions at transcrip-
tion factories were also reported for the immunoglobulin 
genes. This association of the Ig genes is hypothesized to 
facilitate the somatic recombination process (Verma-Gaur 
et al. 2012). In a comprehensive study on Ig genes during 
B cell development, a pronounced colocalization of the Ig 
genes was found albeit they reside on different chromo-
somes (Park et al. 2014).
As shown in these and other examples (e.g., (Ho et al. 
2013)), loop configuration brings together genes in cis 
or trans at transcription factories with the latter often 
being co-regulated genes involved in differentiation pro-
cesses (Rao et al.  2014). Indeed, a study using genome-
wide chromatin interaction analysis with paired-end tag 
sequencing (ChIA-PET) found enriched promoter–pro-
moter interactions at transcription factories (Li et al. 
2012). The authors further indicate significant enrichment 
of enhancer–promoter interactions for cell-type-specific 
transcription and put forward the notion that the observed 
interactions serve as structural framework for transcription 
regulation.
Further entities that have shown to be crucial for inter-
actions between promoters and enhancers are insulators 
and chromatin remodeling complexes. Insulators are cru-
cial for bringing promoters and enhancers in close prox-
imity forming an active chromatin hub (ACH) (de Laat 
and Grosveld 2003). For instance, the insulator protein 
CTCF has been found implicated in the localization of 
active genes to transcription factories. This translocation 
is dependent on the activity of the proteins of the Tritho-
rax group, which represent euchromatin-promoting factors. 
These observations strengthen the importance of insula-
tors and chromatin remodelers for loop formation (Li et al. 
2013). Cohesin has been shown to bind to similar sites in 
the genome as CTCF (Wendt et al. 2008), and it has been 
demonstrated that cohesin is loaded at promoters by tran-
scription factors which aid in establishing loops by interac-
tion with enhancer elements (Kagey et al. 2010). Indeed, a 
recent study showed that the majority (>85 %) of loops are 
anchored by CTCF and cohesion underlining the impor-
tance of the two insulators for loop formation (Rao et al. 
2014).
It has been postulated that other mechanisms than direct 
insulator-mediated promoter–enhancer interactions might 
be implicated in loop formation. In the “active nuclear 
compartment” model, loop formation is the result of the 
three-dimensional folding of chromatin (maintained by 
insulators), which place regulatory elements in the same 
nuclear compartment (Gavrilov et al. 2013; Kosak and 
Groudine 2004).
Other factors were also implicated in loop formation. 
Using genome-wide ChIP-Seq, it was found that the chro-
matin remodeling SWI/SNF complex associates with active 
Pol I and Pol III sequences indicating participation in loop 
formation (Euskirchen et al. 2011).
Consistent with its role in gene expression, chromatin 
associated with transcription factories is enriched in histone 
marks for active chromatin such as H3K4me3 (Barski et al. 
2007; Li et al. 2012). Importantly, the authors further dem-
onstrate interactions between promoters of different genes. 
Weak promoters were significantly more active when in 
the vicinity of a strong promoter, which suggests complex 
combinatorial interactions at transcription factories.
In another study, it was found that retroelements (short 
interspersed elements (SINEs)) near the promoters of 
inducible genes were frequently found in transcription fac-
tories upon transcriptional induction and in concert with 
transcription factor recruitment help to localize the respec-
tive genes to transcription factories (Crepaldi et al. 2013).
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Nucleoli
The rRNA is transcribed from rDNA, which is present in a 
unique conformation in the genome. Individual genes are 
arranged in a repetitive head-to-tail orientation. The tran-
scribed genes (transcription units; TU) are separated by 
intergenic spacer sequences (IGS). Several tens of such 
repeats form a nucleolar organizer region (NOR) which, in 
humans, lies embedded in extended heterochromatic areas 
on the short arms of the five acrocentric chromosomes 13, 
14, 15, 21, and 22, forming a cytogenetically detectable 
secondary constriction. It is estimated that on average, 
400 TUs exist in the diploid human genome. Interestingly, 
the number of TUs in the different NORs as well as in dif-
ferent individuals is variable, and it has been shown that 
not all NORs necessarily participate in transcription (Rous-
sel et al. 1993; Wachtler et al. 1986). The number of NORs 
participating in nucleolar transcription is under epigenetic 
control (McStay and Grummt 2008; Schlesinger et al. 
2009; Shiao et al. 2011).
The exact number and degree of variation in compo-
sition of individual repeats is largely unknown, mostly 
because molecular methods to analyze single repetitive ele-
ments in a genomic context have been missing. For HeLa 
cells, it was calculated that about 120 TUs are actively tran-
scribed at a given time which means much less than 50 % 
of TUs are active (Jackson et al. 1998). It was however 
shown that the number of rDNA repeats and the number of 
those repeats engaged in rRNA transcription vary individu-
ally. By DNA fiber preparations (Fig. 2a), it could be dem-
onstrated that repeat lengths also show differences (Schofer 
et al. 1998), and that some arrays of repeats display aber-
rant palindromic arrangements incompatible with tran-
scriptional activity (Caburet et al. 2005). In addition, single 
repeats differ in their epigenetic states, and inactive repeats 
were found interspersed with active ones (Zillner et al. 
2015). The rDNA tandem array arrangement possesses a 
high degree of genomic instability, which can result in an 
age-dependent reduction in the number of TUs as a con-
sequence of damaging environmental influences (Gibbons 
et al. 2015). In addition, NORs were identified as hot spots 
of recombination with elevated levels of rDNA rearrange-
ments in solid cancer tissues (Stults et al. 2009).
The epigenetic state of nucleolar chromatin is crucial 
for the control of gene expression in response to metabolic 
demands [for a review, see, e.g., (Hamperl et al. 2013)]. 
The rDNA gene body, in particular the core promoter and 
the upstream control element of rDNA, is CpG-rich, and 
thus, DNA methylation is an important regulator of rRNA 
gene expression (Grummt and Pikaard 2003). The NuRD 
complex (nucleosome remodeling and histone deacetylase), 
which is involved in gene silencing in the nucleoplasm, acts 
as a positive regulator of rRNA transcription by keeping 
rDNA promoters hypomethylated and thus poised for tran-
scription (Brown and Szyf 2008; Xie et al. 2012). Hyper-
methylation of rDNA is associated with Alzheimer (Pie-
trzak et al. 2011), aging (Oakes et al. 2003) and premature 
aging in Werner syndrome patients (Machwe et al. 2000). 
In cancer tissue, rDNA methylation levels are dysregulated 
compared to normal tissue (Abranches et al. 1998; Bacalini 
et al. 2014; Belin et al. 2009; Uemura et al. 2012; Yan et al. 
2000). Zillner et al. (2015) have recently found that both 
hypo- and hypermethylated repeats coexist in individual 
NORs of normal and cancer cells.
The three DNA methyltransferases DNMT1, DNMT3a, 
and DNMT3b play different roles in rRNA transcription. 
All three enzymes were found at promoters of inactive 
rDNA genes. Specific roles were identified for DNMT1 and 
DNMT3B for differential regulation of rRNA expression 
from methylated and unmethylated rDNA promoters. Fur-
thermore, DNMT1 cooperates with HDAC2 linking DNA 
and histone methylation in order to repress rRNA transcrip-
tion (Majumder et al. 2006). Cells lacking DNMT1 and 
DNMT3b display disruption of nucleolar morphology and 
dysregulated rDNA gene recruitment (Espada et al. 2007; 
Gagnon-Kugler et al. 2009).
In addition, noncoding RNAs also influence the rDNA 
methylation state. It has been demonstrated that an RNA 
complementary to the rDNA promoter forms a DNA:RNA 
triplex, thereby creating a target for DNA methyltrans-
ferase DNMT3b, thus inducing de novo methylation of 
CpG islands (Schmitz et al. 2010).
Histone modification is another process by which rRNA 
transcription can be regulated [for a review, see (McStay 
and Grummt 2008). Previous studies have revealed two 
distinct states of rDNA by psoralen cross-linking meth-
ods (Conconi et al. 1989). In one conformation, chromatin 
consists of nucleosomes that are inaccessible for psoralen, 
whereas the second state is largely histone-free and acces-
sible for cross-linking. It is now believed that rRNA genes 
exist in at least three chromatin states. State one consists of 
silenced chromatin composed of regular nucleosomal archi-
tecture in a closed configuration displaying silencing marks 
like promoter hypermethylation or increased trimethylation 
of H3K9. Association of rDNA promoters with the nucleo-
lar remodeling complex NoRC maintains the silenced state 
(Santoro et al. 2002). Transcriptionally active TUs are pre-
sent in open chromatin configuration characterized by acti-
vating marks like promoter hypomethylation and histone 
dimethylation of H3K4. The active genes contain all nec-
essary components of the transcript machinery. The third 
part of rDNA is also present in an open configuration with 
unmethylated promoters but contains bivalent (repressive 
and active) histone modification marks and is associated 
with the nucleosome remodeling and deacetylation com-
plex (NuRD). The bivalent nature of these epigenetic marks 
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together with the fact that the promoters are occupied by 
part of the transcription machinery (but without Pol I) indi-
cates that these rDNA genes are present in a poised state 
(Xie et al. 2012). The authors hypothesized that the switch 
from poised to active state is mediated by the chromatin 
remodeling factor Cockayne syndrome B (CSB).
The precise nature of the open chromatin configuration 
of the active rDNA gene body is under debate [see, e.g., 
Fig. 2  a Detection of a fragment of the transcription unit (red) and of 
the intergenic spacer (green) of rDNA, FISH on stretched DNA fib-
ers, nuclear halo preparation, Bar 5 µm, b HeLa cell expressing his-
tones H2B (green) and histone H3 variant H3.3 (red) which has been 
associated with transcriptional activity (Ahmad and Henikoff 2002), 
note that nucleoli are largely devoid of signal, structured illumination 
imaging, Bar 5 µm, c FISH with a probe covering the entire rDNA 
repeat showing an extracted rDNA loop, nuclear halo preparation
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(Jones et al. 2007; Merz et al. 2008)]. The initial psoralen 
cross-linking data suggested that active TUs are nucle-
osome-free which is in line with electron micrographs of 
Miller spreadings. It was believed that the nucleosome-free 
arrangement ensures the high Pol I occupancy and elon-
gation rates. However, using the chromatin endogenous 
cleavage (ChEC) method, it was found that there exist few 
nucleosomes in the promoter region of active TUs, and that 
their position and epigenetic modifications differ in active 
and inactive rDNA genes (Cong et al. 2013; Langst et al. 
1998; Li et al. 2006; Majumder et al. 2010).
The nucleosome-depleted gene body and the high occu-
pancy with Pol I molecules seem to argue against a canoni-
cal nucleosomal arrangement (Fig. 2b). It has also been put 
forward that alternate states of nucleosomes might exist 
in the TU such as the lexosome (Prior et al. 1983) for a 
review, see (Lavelle and Prunell 2007) that would evade 
psoralen cross-linking and allow for Pol I progression.
More recently, a study in yeast indicated that Pol I-tran-
scribed nucleosomal rDNA is composed of “dynamic chro-
matin” consisting of noncanonical nucleosomes (Jones 
et al. 2007). In another study, it was found that the TU 
is depleted of histones relative to the IGS (Zentner and 
Henikoff 2013) and yet another study showed three differ-
ent nucleosomal architectures of active rDNA repeats in 
yeast (Johnson et al. 2013).
An intriguing question is how nucleosome depletion is 
brought about and maintained. One of the many nucleolar 
functions of the upstream binding factor 1 (UBF1) is to 
decondense rDNA chromatin (Chen et al. 2004). Indeed, 
an inverse correlation for rDNA occupation was found 
between histones and UBF in human cells (Gagnon-Kugler 
et al. 2009). UBF binds to the entire rDNA gene body 
and is crucial for forming the enhancesome which brings 
together promoter and enhancer sequences in a loop for-
mation (Bazett-Jones et al. 1994) functionally resembling 
and probably replacing nucleosomes. Also, the chromatin 
remodeling activity of the transcription factor TTF-1 has 
been implicated in establishing spatial conformation of 
rDNA by forming a loop which brings together 3′ and 5′ 
ends of TUs mediated by TTF-1, thus facilitating transcrip-
tion (Grummt and Langst 2013).
The FACT complex (facilitator of chromatin transcrip-
tion) which specifically interacts with H2A–H2B histone 
dimers has been shown to reorganize, evict, or displace 
nucleotides in order to facilitate the elongation process 
(Formosa 2012). Recently, an rDNA-specific histone modi-
fication mark, glutamine methylation of H2A, was identi-
fied, which prevents FACT binding to H2A, and the authors 
suggested that thus the re-deposition of histones in the gene 
body by FACT is decreased (Tessarz et al. 2014).
In summary, the chromatin and DNA constituents vary 
significantly between transcription factories and nucleoli. 
Basic principles of gene expression such as loop formation 
(Figs. 2c, 3) apply in both cases, although a more complex 
DNA arrangement was postulated for active rDNA (Den-
issov et al. 2011).
Proteins
Transcription factories
Electron spectroscopic imaging of transcription factories 
suggested a protein mass of 10 MDa (Eskiw et al. 2008). 
Recently, extraction of all three polymerase complexes 
became possible, and mass spectrometry revealed several 
hundreds of protein in each complex (Melnik et al. 2011). 
In Pol II complexes, Pol II subunits were identified as 
expected as well as transcription factors, specific regulators 
such as CTCF, RNA processing factors, and structural pro-
teins such as actin and lamins A/C and B.
Nucleoli
In isolated nucleoli analyzed by mass spectroscopy between 
700 and 1400 proteins were detected (Ahmad et al. 2009; 
Andersen et al. 2005). In spite of the high number of pro-
teins, the density of nucleoli has been found only about 
Fig. 3  Sketch to compare morphology of transcription a in nucleoli 
and b in transcription factories. The transcription factory core (tf) is 
functionally related to the fibrillar center (fc), and transcription takes 
place at the surface of both entities. Active genes come into contact 
with the polymerases by chromatin loop formation out of silenced 
chromatin (gray dots). In nucleoli, nascent transcripts (brown) are 
predominately found in the dense fibrillar component (df) where 
RNA processing commences. A similar zone can be postulated for the 
transcription factory, Pol I…green dots, Pol II pink dots, gc granular 
component
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twice that of the nucleoplasm likely reflecting the dynamics 
of nuclear components and also functions of nucleoli apart 
from ribosome biogenesis (Boisvert et al. 2007).
Some nucleolar proteins are involved in several differ-
ent processes. One multifunctional protein is nucleolin 
[for reviews, see (Durut and Saez-Vasquez 2015; Mon-
gelard and Bouvet 2007)]. Nucleolin can bind DNA and 
RNA and is involved in rRNA transcription, processing 
and ribosomal transport as well as in other nonribosomal 
functions. Nulceolin has been proposed to be a nucleolar 
matrix-binding protein in plants (Minguez and Moreno 
Diaz de la Espina 1996). In the nucleolus, it is found at 
the interface between FC and DF, in the DF and in rDNA 
gene bodies consistent with its role in Pol I gene expres-
sion. Nucleolin has also been shown to act as histone chap-
erone binding H2A–H2B dimers and consequently as a 
histone remodeler. In this respect, nucleolin functionally 
resembles the nucleoplasmic FACT complex, thus facilitat-
ing Pol I transcriptional elongation (Angelov et al. 2006). 
Furthermore, nucleolin is implicated in preventing binding 
of the repressive chromatin complex NoRC to active rDNA 
repeats. Nucleolin possess helicase activity and thus may 
be involved in rDNA replication. At the same time, nucleo-
lin is involved in the first rRNA processing steps through 
interaction with U3snoRNP. Nucleolin is thus one of the 
major nucleolar proteins implicated in regulation of riboso-
mal biogenesis at different levels.
Another multifunctional nucleolar protein is the methyl-
transferase fibrillarin [for a recent review, see (Rodriguez-
Corona et al. 2015)]. In nucleoli, fibrillarin is localized in 
the same compartments as nucleolin, i.e., in the FC/DF 
transition zone and in the DF. Fibrillarin is involved in 
different rRNA modification processes such as pre-rRNA 
cleavage, methylation, and ribosome assembly. Recently, 
fibrillarin was also shown to be the methyltransferase 
responsible for active Pol I-specific histone glutamine 
methylation of H2AQ104, which binds FACT (Tessarz 
et al. 2014). Fibrillarin is a core protein of the U3snoRNP 
(Baserga et al. 1991); thus, it can be speculated that interac-
tion of fibrillarin and nucleolin might be involved in histone 
modification and remodeling of active rDNA chromatin.
RNA polymerases
Transcription factories
One main advantage of compartmentalized gene expression 
lies in the accumulation of relevant transcription factors 
and in particular of RNA polymerases. Transcription fac-
tories are routinely detected in fixed cells with antibodies 
against Pol II which is phosphorylated at serine2 (Ser2P) in 
the C-terminal domain (CTD) of RPB1, the largest subunit 
of Pol II. Different phosphorylation patterns at the CTD are 
thought to exert different functions [for a review, see (Phat-
nani and Greenleaf 2006)], and Ser2P-Pol II is engaged 
with transcriptional elongation, whereas Ser5P and Ser7P 
are involved in initiation prior to actual transcription (Spili-
anakis et al. 2003). However, recently several acetylations 
and methylations of lysine residues were identified in the 
CTD of RPB1 suggestive of a complex fine-tuning network 
for initiation and elongation (Dias et al. 2015).
In transcription factories, it was estimated that on aver-
age, eight active Pol II molecules are available for tran-
scription initiation and elongation.
For the initiation of efficient Pol II transcription, the 
enzyme forms an association with five transcription factors 
at promoter DNA, constituting the preinitiation complex 
(PIC) [for a review, see (Kornberg 2007)], a process which 
has recently been studied in real time (Fazal et al. 2015).
Nucleoli
In the nucleolus, the regulation of rRNA transcription is 
tightly coupled to metabolic demands of the cell. The mini-
mal essential Pol I transcription machinery consists of Pol 
I, SL-1, and UBF [reviewed in (Russell and Zomerdijk 
2006); for a review on evolutionary conservation of poly-
merase subunits, see (Viktorovskaya and Schneider 2015)]. 
In contrast to Pol II where modification of CTD is essential 
for transcriptional initiation, elongation and termination in 
rRNA transcription is dependent on above-mentioned aux-
iliary factors. These factors are important to guide Pol I and 
to stabilize Pol I at promoters and are hyperphosphorylated 
when active. UBF binds directly to DNA and is thought 
to alter rDNA structure such that promoter sequences and 




It is increasingly recognized that RNAs, in particular non-
coding RNAs, play important roles as regulators of gene 
expression but also as determinants for structural compo-
nents of the transcription machinery. Recently, it became 
possible to isolate transcription factories and to analyze 
their RNA content (Caudron-Herger et al. 2015a). It was 
found that transcription factories contain the entire nas-
cent transcriptome of the cell including noncoding RNA, 
enhancer-associated RNA (eRNA), repeat-derived RNAs, 
and micro-RNA precursors (Caudron-Herger et al. 2015a). 
The authors speculate that in particular the noncoding 
RNAs may have an influence in regulatory activities of 
transcription factories. It remains to be seen if those non-
coding RNAs are implicated in the formation of chromatin 
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loops as has been suggested for the RNAi machinery 
including its RNA component (Lei and Corces 2006).
Nucleoli
In the nucleolus, Pol I transcripts derived from promoters 
located in the IGS region (structurally similar to the Pol I 
gene promoter) have been shown to be important epige-
netic modifiers of gene transcription. It could be demon-
strated that they are crucial for NoRC targeting and thus 
for rDNA silencing (Mayer et al. 2006, 2008). Two long 
noncoding RNAs (lncRNA) derived from IGS are impor-
tant for remodeling of nucleolar structure in response to 
environmental cues (Jacob et al. 2013). In addition to these 
Pol I-dependent transcripts, Pol II transcription of noncod-
ing RNAs has been identified in the IGS. These transcripts 
were shown to be essential for rDNA silencing by recruit-
ment of the NoRC complex and mediating histone modi-
fication (Bierhoff et al. 2014). Protein components of the 
RNAi machinery were shown to alter nucleolar structure in 
Drosophila (Peng and Karpen 2007), and in plants, RNAi-
mediated silencing of rRNA transcription has been reported 
(Preuss et al. 2008). Very recently, noncoding RNAs from 
transposable elements have been found to be implicated 
in maintenance of nucleolar structure (Caudron-Herger 
et al. 2015b). In this study, it was described that aluR-
NAs derived from Pol II transcription modulate nucleolar 
structure by interaction with nucleolar proteins nucleolin 
and nucleophosmin. This establishes a link between Pol 
I and Pol II transcription and may explain the previously 
observed phenomenon that inhibition of Pol II transcription 
leads to nucleolar rearrangement.
Dynamics of transcription sites
Dynamics of the constituents
Transcription factories
Previous studies demonstrated the existence of two differ-
ent pools of nuclear Pol II, one pool (~75 % of all Pol II 
molecules) being mobile and the other (25 %) being tran-
siently immobile (Kimura et al. 2002). By extracting the 
soluble fraction, it was confirmed that the nonextractable 
fraction is the transcriptionally active population of the 
enzyme, which is concentrated at the surface of transcrip-
tion factories and immobilized there (Eskiw et al. 2008). It 
has further been suggested that the DNA is pulled through 
the polymerase rather than the other way around (Iborra 
et al. 1996). Life cell imaging of Pol II-dependent transcrip-
tion applying super-resolution microscopy confirmed the 
focal distribution of the polymerase seen in fixed cells but 
led to a surprising picture of the dynamics of this enzyme. 
It was found that the residency time of RPB1 molecules at 
transcription foci was surprisingly short and that the foci 
were transient structures (Cisse et al. 2013). The authors 
calculated the average lifetime of foci to be about 5.1 s. 
The short lifetime of transcription factories fits well with 
the fact that regular transcription of mRNA genes occurs 
in bursts, i.e., in a succession of on–off states, rather than 
in a continuous mode. The authors could also demonstrate 
that upon stimulation of transcription, the lifetime of tran-
scription factories increased significantly. This is consistent 
with an earlier observation on the highly transcribed globin 
genes in erythroid cells where the authors found that these 
genes were active in a near-continuous expression mode, 
whereas other genes studied displayed marked on–off peri-
ods (Osborne et al. 2004). Another interesting observation 
by (Cisse et al. 2013) made in experiments where Pol II 
transcription was stalled is that formation of transcription 
factories precedes transcriptional activation.
Nucleoli
Pol I and UBF molecules are predominately present within 
FCs and to a lesser degree in DF of nucleoli (Mosgoeller 
et al. 1998). Applying lifetime FRAP imaging and math-
ematical modeling of GFP-tagged UBF and several GFP-
tagged Pol I subunits (RPA), a high turnover rate similar to 
that of Pol II has been demonstrated (Dundr et al. 2002a, 
b). The authors estimated the presence of 200–400 [around 
500 in HeLa cells (Jackson et al. 1998)] molecules of Pol I 
per FC and 90–520 molecules of UBF per FC (Dundr et al. 
2002b). The kinetics revealed that more than 95 % of Pol I 
molecules exchanged rapidly, and FRAP recovery rates of 
Pol I and UBF were shown to be in the range of 30–40 s. 
Initiation of the Pol I machinery occurs every 1.4 s, and 
on average, it takes 140 s to transcribe one human TU. 
Together, these findings on the Pol I machinery demonstrate 
rapid movements through the nucleolus and lead to the con-
clusion that the parts of the machinery enter the nucleolus 
as separate subunits rather than as pre-assembled holoen-
zyme as previously thought (Dundr et al. 2002a). In addi-
tion, a high flux rate of nucleolar proteins was also found 
using a mass spectrometry-based proteomics approach to 
compare nucleoli of HeLa cells grown under normal condi-
tions and under Pol I inhibition (Andersen et al. 2005). Fur-
thermore, the authors found that only a subset of proteins 
are influenced by Pol I inhibition which leads the authors to 
suggest that nucleolar structure forms not only as result of 
ongoing rRNA synthesis but that a core of proteins remain 
in the absence of transcription (Andersen et al. 2005). It 
can be speculated that the different nonribosomal functions 
of nucleoli [for a review, see (Boisvert et al. 2007)] play a 
role in formation of the final nucleolar structure.
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Together, these data demonstrate similarities with high 
mobility of the transcription subunits of both Pol I and Pol 
II. In terms of the transcription process, a succession from 
on–off states (e.g., house-keeping genes) to near-continu-
ous (strongly expressed genes during differentiation) to 
continuous transcription (rDNA) can be observed. Mor-
phologically, alterations occur at very different timescales, 
seconds in Pol II transcription factories and minutes for 
nucleoli when, e.g., treated with transcriptional inhibitors 
or enhancer drugs.
Formation, maintenance, and disassembly 
of transcription foci
Transcription factories
The number of foci of ongoing Pol II transcription inside 
nuclei is much lower than the number of genes transcribed. 
Indeed, it has been shown that TFs contain more than one 
transcribed gene. This requires chromatin to be organized 
such that genes can come into contact. Loops established 
by promoter–enhancer interactions (PEIs) are pivotal, 
although other interactions such as promoter–promoter, 
enhancer–enhancer, or insulator–insulator looping occur.
Differing models have been proposed on the mecha-
nisms by which PEIs form in nuclei. It has been shown 
that a fraction of Pol II is retained in nuclei after extrac-
tion procedures implying that they are tethered to an under-
lying structural support (nucleoskeleton) (Jackson and 
Cook 1985). Because it was found that the retained frac-
tion is enriched in active Pol II, a model was proposed that 
the polymerase is fixed and the DNA template is pulled 
through the transcription complex during transcription. In 
consequence of this view, transcription factories are in fact 
pre-assembled organizing structures and chromatin loops 
are move toward transcription factories. Some findings are 
difficult to reconcile with this model such as that Ser2P is 
also found outside transcription factories during elongation 
inconsistent with fixed polymerase molecules (Ghamari 
et al. 2013) or the high mobility of Pol II subunits observed 
in live cells (Cisse et al. 2013).
Nevertheless, the transcription factory model is widely 
appreciated [e.g., (Chen et al. 2015; Li et al. 2012; Osborne 
et al. 2004; Rieder et al. 2014; Schoenfelder et al. 2010)] 
for reviews, see (Edelman and Fraser 2012; Papantonis 
and Cook 2013). And further support for the pre-assem-
bly model can be found in studies on induction of globin 
genes and LCR positioning where it was shown that LCR 
originally is located in the repressive nuclear periphery 
and translocates into the nuclear interior by loop forma-
tion and only then robust transcription is started (Ragoczy 
et al. 2006; Schubeler et al. 2000) which would localize to 
transcription factories (Lee et al. 2011; Schoenfelder et al. 
2010; Zhou et al. 2006). In a study on the LCR of the gene 
hGH-N (human pituitary growth hormone), it was shown 
that the DNase I-hypersensitive site I (HSI) of the LCR acts 
as important factor to sustain association of the gene with 
transcription factories over many years of development (Ho 
et al. 2013). Conversely, drug-induced transcriptional ter-
mination does not lead to disassembly of transcription fac-
tories but they remain stable with genes attached (Ghamari 
et al. 2013; Mitchell and Fraser 2008; Palstra et al. 2008) 
in spite of the high mobility of transcription factory com-
ponents observed in live-cell studies (Cisse et al. 2013). In 
addition, transcription factories can exist in poised states 
enriched in Ser5P Pol II modification but lacking Ser2P 
(Ferrai et al. 2010) or can harbor poised genes (Larkin et al. 
2012) which in both cases enable quick resumption of gene 
expression.
The question however whether transcription factories are 
pre-assembled drivers of nuclear organization or whether 
the transcriptional compartmentalization is the net result of 
chromatin folding and consequently of the arrangement of 
active genes in the nuclear space is debated (Sutherland and 
Bickmore 2009). The two scenarios are not mutually exclu-
sive, and an attractive hypothesis has been put forward that 
transcription factories might form as consequence of tran-
scription of highly active genes with strong promoters and 
that these newly formed transcription factories are able to 
recruit other genes (Sutherland and Bickmore 2009). It can 
further be speculated that these newly formed transcrip-
tion factories may contain Pol II molecules that are fixed 
in position.
Taking into account the structural basis of nuclear organ-
ization, hypotheses have been put forward ranging from 
existence of a nuclear matrix or nucleoskeleton to stochas-
tic self-assembly of macromolecular complexes driven by 
biochemical and biophysical forces. Indeed, modeling stud-
ies support the possibility of generating clusters (Canals-
Hamann et al. 2013), although biophysical forces certainly 
are important players in the pre-assembly model as well 
(Brackley et al. 2013).
The onset of mitotic division leads to dispersal of tran-
scription factories. However, it became increasingly recog-
nized that transcriptionally active genes in previous inter-
phase display an epigenetic memory effect of the active 
state (mitotic bookmarking). This mark is transmitted 
through mitosis into G1 of daughter nuclei and is thought 
to ensure robust expression of the same set of genes active 
in the mother cell. The bookmarking mechanism includes 
specific histone modifications, histone variant replacement 
or maintenance of the general transcription factor TIFIID 
binding to promoters [for review bookmarking, see (Zaidi 
et al. 2010)]. However, Pol II components detach from 
promoters in prophase and are sequentially imported into 
daughter nuclei in G1 (Prasanth et al. 2003).
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Nucleoli
As mentioned above, in the nucleolus, transcription does 
also occur in foci at the interface between FC and DF and, 
importantly, NORs of different chromosomes need to con-
vene to for a proper nucleolus. Usually, NORs are located 
at the periphery of nucleoli where they are in their silenced 
state and from there extend loops of rDNA repeats into 
nucleoli which are transcribed. The convergence of the 
acrocentric, NOR-bearing human chromosomes takes place 
in early G1 phase when chromatin is relatively mobile 
before CTs adopt a stable position (Walter et al. 2003). The 
mechanisms by which NORs come together and eventu-
ally fuse are not understood, and Pol I transcription seems 
to be dispensable for NOR fusion (Dousset et al. 2000). 
Distal and proximal NOR-flanking sequences have been 
found implicated in maintaining nucleolar integrity and, 
possibly, in NOR fusion (Floutsakou et al. 2013) but not 
in formation of nucleoli (Grob et al. 2014). NORs need to 
be competent for fusion which critically depends on UBF 
occupancy keeping them in a nonheterochromatic state 
(Grob et al. 2014). Not only NOR fusion is poorly under-
stood also the establishment of the peculiar arrangement of 
the three nucleolar compartments remains enigmatic. Yet, 
nucleoli of different cell types often display characteristic 
morphologies.
The fate of the rDNA transcription machinery during 
cell cycle is substantially different from Pol II transcription. 
The major constituents of the Pol I transcription machinery 
such as Pol I and UBF remain bound to (previously active) 
NORs throughout mitosis [reviewed in (Hernandez-Verdun 
2011)] constituting an effective way of mitotic bookmark-
ing. In prophase, the nucleolar components begin to dis-
sociate, and at late prophase, Pol I transcription is halted 
by phosphorylation of transcription factors through CDK1-
cyclin B kinase. Pol I transcription resumes already in 
telophase by inhibiting CDK1 and nucleolar assembly 
commences in early G1 before fusion of NORs. For the 
formation of proper nucleoli, Pol I transcription is not suf-
ficient and requires components of the rRNA processing 
machinery that are found in particular nuclear bodies called 
pre-nucleolar bodies (PNBs) such as snoRNAs, ribosomal 
proteins, and unprocessed 45S rRNA which was synthe-
sized before transcription termination. Some of the constit-
uents decorate mitotic chromosomes and are being trans-
ferred to nucleoli in G1 ensuring the formation of normal 
nucleoli followed by fusion of nucleoli (Hernandez-Verdun 
2011).
Interestingly, the number of nucleoli varies even within 
one population of a cell line, although there exist less 
active NORs than the ten NORs in humans (Carpenter 
et al. 2006). The structure of the nucleolus is continuously 
present throughout interphase yet it changes its structure 
dramatically depending on cellular demand of ribosomes. 
As an example, resting lymphocytes contain nucleoli with 
maximum of nine FCs, whereas after stimulation the num-
ber of FCs increases to about 80 (Haaf et al. 1991) which 
is accompanied by drastic changes in number and size 
of nucleoli (Fig. 4) (Wachtler et al. 1982). Interestingly 
though, it has previously been reported that the number of 
active rDNA repeats is stable throughout interphase (Con-
coni et al. 1989). Transcriptional upregulation can also be 
mediated by epigenetic induction (Stefanovsky and Moss 
2008) or by increasing the occupancy of TUs with Pol I 
molecules. The latter has been shown to be the case in yeast 
(French et al. 2003) where a strain with reduced number of 
rDNA repeats compensated this deficiency by higher Pol I 
occupancy. Indeed, the theoretical minimal occupancy rate 
Fig. 4  Human peripheral lymphocytes a unstimulated and b after 72-h stimulation, FISH to detect part of the TU of rDNA showing significant 
alterations of rDNA arrangement in the course of differentiation, nuclear outline indicated (yellow)
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in yeast was determined to be 1 Pol I molecule per 35 nt 
(Tornaletti et al. 1992) which, related to humans, would 
add up to about 380 molecules per TU instead of the esti-
mated 100 (Haaf et al. 1991), suggesting some upregula-
tion potential for human rRNA transcription. On the other 
hand, in human cells it was shown that the pool of rDNA 
genes is not static and that UBF determinates the number 
of active genes (Sanij et al. 2008).
Genetic engineering approaches have been conducted to 
gain insight into the requirements for nucleolus formation 
in human cells. The ectopic insertion of an UBF-binding 
sequence in a cell line created a “pseudo-NOR,” i.e., sec-
ondary constriction at the integration site upon UBF loading 
(Mais et al. 2005). The insert did not contain the Pol I pro-
moter sequence and did not form functional nucleoli, although 
Pol I was recruited by UBF. This group went on to produce 
“neo-NORs” (Grob et al. 2014) which contain fully functional 
ectopic rDNA repeats which actively produce ribosomes and 
some of these NORs fuse with endogenous ones, suggesting 
the existence of a “NOR-territory” (Grob et al. 2014).
The example of the co-localization of neo-NORs and 
endogenous NORs in one nucleolus is somewhat reminis-
cent of co-localization of several genes in one Pol II tran-
scription factory. Similar to transcription factories also 
in the case of nucleoli, a structural fixation of active Pol 
I molecules in the FC was demonstrated (Dickinson et al. 
1990) as well as preferential retention of the TU versus 
IGS sequences in HeLa cells using extraction protocols 
(Weipoltshammer et al. 1996). Also in the case of nucleoli, 
biophysical forces and self-assembly have been postulated 
as contributing factors for nucleolus formation and main-
tenance [reviewed in (Hancock 2014; Lam and Trinkle-
Mulcahy 2015)].
Conclusions
RNA polymerase I transcription has often been put forward 
as paradigmatic for nuclear transcription. Concerning the 
constituents, Pol I and Pol II transcription are largely dif-
ferent. However, on a functional level, analogies can be 
found which may rely on general principles of biological 
organization. Chromatin loop formation is one hallmark 
that acts as prerequisite of focal transcription in both tran-
scription factories and nucleoli. Another common property 
is the high mobility of some of the constituents.
The underlying organizing principles of focal transcrip-
tion and of nuclear organization in general are controver-
sially discussed and range from fixation to an underlying 
support such as nuclear matrix or nucleoskeleton to self-
organization and compartmentalization based on stochastic 
biochemical and biophysical principles. The methodologi-
cal armory for studying biophysical forces is restricted, and 
novel approaches are needed to reveal if one of these pos-
sibilities or combinations thereof occur.
In addition to basic consideration on nuclear organiza-
tion, focal nuclear transcription might have consequences 
relevant for medicine. In this respect, it was postulated 
that the proximity of genes present in an open and tran-
scriptionally active state at transcription factories might 
have potentially detrimental consequences for genome 
stability and chromosomal translocations ultimately lead-
ing to cancer (Osborne 2014), and it seems as if similar 
conclusions can be drawn for the stability of the rDNA 
cluster [e.g., (Diesch et al. 2014; Harding et al. 2015)]. 
Moreover, involvement of Pol I transcription in many 
disease-related pathways has been demonstrated (Quin 
et al. 2014). Furthermore, Pol I transcription has become 
a promising target for therapeutic intervention by the 
introduction of cancer-specific, Pol I inhibiting small-
molecule drugs (Drygin et al. 2011).
Compliance with ethical standards 
Conflict of interest The authors state no potential conflict of inter-
ests.
Open Access This article is distributed under the terms of the 
Creative Commons Attribution 4.0 International License (http://crea-
tivecommons.org/licenses/by/4.0/), which permits unrestricted use, 
distribution, and reproduction in any medium, provided you give 
appropriate credit to the original author(s) and the source, provide a 
link to the Creative Commons license, and indicate if changes were 
made.
References
Abranches R, Beven AF, Aragon-Alcaide L, Shaw PJ (1998) Tran-
scription sites are not correlated with chromosome territories in 
wheat nuclei. J Cell Biol 143:5–12
Ahmad K, Henikoff S (2002) The histone variant H3. 3 marks active 
chromatin by replication-independent nucleosome assembly. 
Mol Cell 9:1191–1200
Ahmad Y, Boisvert FM, Gregor P, Cobley A, Lamond AI (2009) 
NOPdb: nucleolar Proteome Database—2008 update. Nucleic 
Acids Res 37:D181–D184. doi:10.1093/nar/gkn804
Andersen JS, Lam YW, Leung AK, Ong SE, Lyon CE, Lamond AI, 
Mann M (2005) Nucleolar proteome dynamics. Nature 433:77–
83. doi:10.1038/nature03207
Angelov D et al (2006) Nucleolin is a histone chaperone with FACT-
like activity and assists remodeling of nucleosomes. EMBO J 
25:1669–1679. doi:10.1038/sj.emboj.7601046
Bacalini MG et al (2014) The nucleolar size is associated to the meth-
ylation status of ribosomal DNA in breast carcinomas. BMC 
Cancer 14:361. doi:10.1186/1471-2407-14-361
Barski A et al (2007) High-resolution profiling of histone methyla-
tions in the human genome. Cell 129:823–837
Baserga SJ, Yang XD, Steitz JA (1991) An intact box C sequence in 
the U3 snRNA is required for binding of fibrillarin, the protein 
common to the major family of nucleolar snRNPs. EMBO J 
10:2645–2651
355Histochem Cell Biol (2016) 145:343–358 
1 3
Bazett-Jones DP, Leblanc B, Herfort M, Moss T (1994) Short-range 
DNA looping by the Xenopus HMG-box transcription factor, 
xUBF. Science 264:1134–1137
Belin S et al (2009) Dysregulation of ribosome biogenesis and trans-
lational capacity is associated with tumor progression of human 
breast cancer cells. PLoS One 4:e7147. doi:10.1371/journal.
pone.0007147
Bierhoff H, Dammert MA, Brocks D, Dambacher S, Schotta G, 
Grummt I (2014) Quiescence-induced LncRNAs trigger H4K20 
trimethylation and transcriptional silencing. Mol Cell 54:675–
682. doi:10.1016/j.molcel.2014.03.032
Boisvert FM, van Koningsbruggen S, Navascues J, Lamond AI (2007) 
The multifunctional nucleolus. Nat Rev Mol Cell Biol 8:574–
585. doi:10.1038/nrm2184
Brackley CA, Taylor S, Papantonis A, Cook PR, Marenduzzo D 
(2013) Nonspecific bridging-induced attraction drives clus-
tering of DNA-binding proteins and genome organization. 
Proc Natl Acad Sci USA 110:E3605–E3611. doi:10.1073/
pnas.1302950110
Brown SE, Szyf M (2008) Dynamic epigenetic states of ribosomal 
RNA promoters during the cell cycle Cell cycle 7:382–390
Buckley MS, Lis JT (2014) Imaging RNA polymerase II transcrip-
tion sites in living cells. Curr Opin Genet Dev 25:126–130. 
doi:10.1016/j.gde.2014.01.002
Caburet S, Conti C, Schurra C, Lebofsky R, Edelstein SJ, Bensimon 
A (2005) Human ribosomal RNA gene arrays display a broad 
range of palindromic structures. Genome Res 15:1079–1085. 
doi:10.1101/gr.3970105
Canals-Hamann AZ et al (2013) A biophysical model for transcription 
factories. BMC Biophys. doi:10.1186/2046-1682-6-2
Carpenter AE et al (2006) Cell profiler: image analysis software for 
identifying and quantifying cell phenotypes. Genome Biol 
7:R100
Caudron-Herger M, Cook PR, Rippe K, Papantonis A (2015a) Dis-
secting the nascent human transcriptome by analysing the 
RNA content of transcription factories. Nucleic Acids Res. 
doi:10.1093/nar/gkv390
Caudron-Herger M, Pankert T, Seiler J, Nemeth A, Voit R, Grummt 
I, Rippe K (2015b) Alu element-containing RNAs maintain 
nucleolar structure and function. EMBO J 34:2758–2774. 
doi:10.15252/embj.201591458
Chen D, Belmont AS, Huang S (2004) Upstream binding factor asso-
ciation induces large-scale chromatin decondensation. Proc Natl 
Acad Sci USA 101:15106–15111
Chen HM et al (2015) Functional organization of the human 
4D nucleome. Proc Natl Acad Sci USA 112:8002–8007. 
doi:10.1073/pnas.1505822112
Cisse II et al (2013) Real-time dynamics of RNA polymerase II clus-
tering in live human cells. Science 341:664–667. doi:10.1126/
science.1239053
Conconi A, Widmer RM, Koller T, Sogo JM (1989) 2 Different chro-
matin structures coexist in ribosomal-RNA genes throughout the 
cell-cycle. Cell 57:753–761. doi:10.1016/0092-8674(89)90790-3
Cong R, Das S, Douet J, Wong J, Buschbeck M, Mongelard F, Bouvet 
P (2013) macroH2A1 histone variant represses rDNA transcrip-
tion. Nucleic Acids Res 42:181–192
Crepaldi L, Policarpi C, Coatti A, Sherlock WT, Jongbloets BC, 
Down TA, Riccio A (2013) Binding of TFIIIC to SINE ele-
ments controls the relocation of activity-dependent neuronal 
genes to transcription factories. PLoS Genet. doi:10.1371/jour-
nal.pgen.1003699
de Laat W, Grosveld F (2003) Spatial organization of gene expres-
sion: the active chromatin hub. Chromosome Res 11:447–459
Deng BW, Melnik S, Cook PR (2013) Transcription factories, chro-
matin loops, and the dysregulation of gene expression in 
malignancy. Semin Cancer Biol 23:65–71. doi:10.1016/j.
semcancer.2012.01.003
Denholtz M et al (2013) Long-range chromatin contacts in embryonic 
stem cells reveal a role for pluripotency factors and polycomb 
proteins in genome organization. Cell Stem Cell 13:602–616. 
doi:10.1016/j.stem.2013.08.013
Denissov S et al (2011) A model for the topology of active ribo-
somal RNA genes. EMBO Rep 12:231–237. doi:10.1038/
embor.2011.8
Dias JD et al (2015) Methylation of RNA polymerase II non-consen-
sus Lysine residues marks early transcription in mammalian 
cells. Elife. doi:10.7554/eLife.11215
Dickinson P, Cook PR, Jackson DA (1990) Active RNA polymerase I 
is fixed within the nucleus of HeLa cells. EMBO J 9:2207–2214
Diesch J, Hannan RD, Sanij E (2014) Perturbations at the ribosomal 
genes loci are at the centre of cellular dysfunction and human 
disease. Cell Biosci 4:43. doi:10.1186/2045-3701-4-43
Dousset T, Wang C, Verheggen C, Chen D, Hernandez-Verdun D, 
Huang S (2000) Initiation of nucleolar assembly is inde-
pendent of RNA polymerase I transcription. Mol Biol Cell 
11:2705–2717
Drygin D et al (2011) Targeting RNA polymerase I with an oral small 
molecule CX-5461 inhibits ribosomal RNA synthesis and solid 
tumor growth. Cancer Res 71:1418–1430. doi:10.1158/0008-
5472.CAN-10-1728
Dundr M, Hoffmann-Rohrer U, Hu Q, Grummt I, Rothblum LI, Phair 
RD, Misteli T (2002a) A kinetic framework for a mammalian 
RNA polymerase in vivo. Science 298:1623–1626. doi:10.1126/
science.1076164
Dundr M, McNally JG, Cohen J, Misteli T (2002b) Quantitation of 
GFP-fusion proteins in single living cells. J Struct Biol 140:92–
99. doi:10.1016/S1047-8477(02)00521-X
Durut N, Saez-Vasquez J (2015) Nucleolin: dual roles in rDNA 
chromatin transcription. Gene 556:7–12. doi:10.1016/j.
gene.2014.09.023
Edelman LB, Fraser P (2012) Transcription factories: genetic pro-
gramming in three dimensions. Curr Opin Genet Dev 22:110–
114. doi:10.1016/j.gde.2012.01.010
Eskiw CH, Fraser P (2011) Ultrastructural study of transcription 
factories in mouse erythroblasts. J Cell Sci 124:3676–3683. 
doi:10.1242/jcs.087981
Eskiw CH, Rapp A, Carter DR, Cook PR (2008) RNA polymerase 
II activity is located on the surface of protein-rich transcription 
factories. J Cell Sci 121:1999–2007
Espada J et al (2007) Epigenetic disruption of ribosomal RNA genes 
and nucleolar architecture in DNA methyltransferase 1 (Dnmt1) 
deficient cells. Nucleic Acids Res 35:2191–2198
Euskirchen GM et al (2011) Diverse roles and interactions of the 
SWI/SNF chromatin remodeling complex revealed using global 
approaches. PLoS Genet 7:e1002008. doi:10.1371/journal.
pgen.1002008
Fakan S (1976) High-resolution autoradiography as a tool for the 
localization of nucleic acid synthesis and distribution in the 
mammalian cell nucleus. J Microsc 106:159–171
Fakan S (1994) Perichromatin fibrils are in situ forms of nascent tran-
scripts. Trends Cell Biol 4:86–90
Fakan S, van Driel R (2007) The perichromatin region: a functional 
compartment in the nucleus that determines large-scale chroma-
tin folding. Semin Cell Dev Biol 18:676–681
Farley KI, Surovtseva Y, Merkel J, Baserga SJ (2015) Determinants of 
mammalian nucleolar architecture. Chromosoma 124:323–331. 
doi:10.1007/s00412-015-0507-z
Fazal FM, Meng CA, Murakami K, Kornberg RD, Block SM (2015) 
Real-time observation of the initiation of RNA polymerase II 
transcription. Nature 525:274–277. doi:10.1038/nature14882
356 Histochem Cell Biol (2016) 145:343–358
1 3
Ferrai C et al (2010) Poised transcription factories prime silent 
uPA gene prior to activation. PLoS Biol. doi:10.1371/journal.
pbio.1000270
Floutsakou I, Agrawal S, Nguyen TT, Seoighe C, Ganley ARD, 
McStay B (2013) The shared genomic architecture of human 
nucleolar organizer regions. Genome Res 23:2003–2012. 
doi:10.1101/gr.157941.113
Formosa T (2012) The role of FACT in making and breaking nucle-
osomes. Biochim Biophys Acta 1819:247–255. doi:10.1016/j.
bbagrm.2011.07.009
French SL, Osheim YN, Cioci F, Nomura M, Beyer AL (2003) In 
exponentially growing Saccharomyces cerevisiae cells, rRNA 
synthesis is determined by the summed RNA polymerase I 
loading rate rather than by the number of active genes. Mol Cell 
Biol 23:1558–1568
Gagnon-Kugler T, Langlois F, Stefanovsky V, Lessard F, Moss 
T (2009) Loss of human ribosomal gene CpG methylation 
enhances cryptic RNA polymerase II transcription and dis-
rupts ribosomal RNA processing. Mol Cell 35:414–425. 
doi:10.1016/j.molcel.2009.07.008
Gavrilov AA, Gushchanskaya ES, Strelkova O, Zhironkina O, Kireev 
II, Iarovaia OV, Razin SV (2013) Disclosure of a structural 
milieu for the proximity ligation reveals the elusive nature of 
an active chromatin hub. Nucleic Acids Res 41:3563–3575. 
doi:10.1093/nar/gkt067
Ghamari A et al (2013) In vivo live imaging of RNA polymerase II 
transcription factories in primary cells. Genes Dev 27:767–777
Gibbons JG, Branco AT, Godinho SA, Yu S, Lemos B (2015) Con-
certed copy number variation balances ribosomal DNA dos-
age in human and mouse genomes. Proc Natl Acad Sci USA 
112:2485–2490. doi:10.1073/pnas.1416878112
Grob A, Colleran C, McStay B (2014) Construction of synthetic 
nucleoli in human cells reveals how a major functional nuclear 
domain is formed and propagated through cell division. Genes 
Dev 28:220–230. doi:10.1101/gad.234591.113
Grummt I, Langst G (2013) Epigenetic control of RNA polymer-
ase I transcription in mammalian cells. Biochim Biophys Acta 
1829:393–404. doi:10.1016/j.bbagrm.2012.10.004
Grummt I, Pikaard CS (2003) Epigenetic silencing of RNA polymer-
ase I transcription. Nat Rev Mol Cell Biol 4:641–649
Haaf T, Hayman DL, Schmid M (1991) Quantitative determination 
of rDNA transcription units in vertebrate cells. Exp Cell Res 
193:78–86
Haeusler RA, Engelke DR (2006) Spatial organization of transcrip-
tion by RNA polymerase III. Nucleic Acids Res 34:4826–4836
Hamperl S, Wittner M, Babl V, Perez-Fernandez J, Tschochner H, 
Griesenbeck J (2013) Chromatin states at ribosomal DNA 
loci. Biochim Biophys Acta 1829:405–417. doi:10.1016/j.
bbagrm.2012.12.007
Hancock R (2014) The crowded nucleus. Int Rev Cell Mol Biol 
307:15–26. doi:10.1016/B978-0-12-800046-5.00002-3
Harding SM, Boiarsky JA, Greenberg RA (2015) ATM dependent 
silencing links nucleolar chromatin reorganization to DNA 
damage recognition cell reports 13:251–259. doi:10.1016/j.
celrep.2015.08.085
Hernandez-Verdun D (2011) Assembly and disassembly of the nucle-
olus during the cell cycle. Nucleus 2:189–194. doi:10.4161/
nucl.2.3.16246
Ho Y, Shewchuk BM, Liebhaber SA, Cooke NE (2013) Distinct 
chromatin configurations regulate the initiation and the main-
tenance of hGH gene expression. Mol Cell Biol 33:1723–1734. 
doi:10.1128/Mcb.01166-12
Hozak P, Cook PR, Schofer C, Mosgoller W, Wachtler F (1994) Site 
of transcription of ribosomal RNA and intranucleolar structure 
in HeLa cells. J Cell Sci 107(Pt 2):639–648
Iborra FJ, Pombo A, Jackson DA, Cook PR (1996) Active RNA poly-
merases are localized within discrete transcription “factories” in 
human nuclei. J Cell Sci 109:1427–1436
Jackson DA, Cook PR (1985) Transcription occurs at a nucleoskel-
eton. EMBO J 4:919–925
Jackson DA, Hassan AB, Errington RJ, Cook PR (1993) Visualiza-
tion of focal sites of transcription within human nuclei. EMBO 
J 12:1059–1065
Jackson DA, Iborra FJ, Manders EMM, Cook PR (1998) Numbers 
and organization of RNA polymerases, nascent transcripts, and 
transcription units in HeLa nuclei. Mol Biol Cell 9:1523–1536
Jacob MD, Audas TE, Uniacke J, Trinkle-Mulcahy L, Lee S (2013) 
Environmental cues induce a long noncoding RNA-dependent 
remodeling of the nucleolus. Mol Biol Cell 24:2943–2953. 
doi:10.1091/mbc.E13-04-0223
Johnson JM, French SL, Osheim YN, Li M, Hall L, Beyer AL, Smith 
JS (2013) Rpd3- and spt16-mediated nucleosome assembly and 
transcriptional regulation on yeast ribosomal DNA genes. Mol 
Cell Biol 33:2748–2759. doi:10.1128/MCB.00112-13
Jones HS, Kawauchi J, Braglia P, Alen CM, Kent NA, Proudfoot NJ 
(2007) RNA polymerase I in yeast transcribes dynamic nucleo-
somal rDNA. Nat Struct Mol Biol 14:123–130
Kagey MH et al (2010) Mediator and cohesin connect gene expression 
and chromatin architecture. Nature 467:430–435. doi:10.1038/
nature09380
Kimura H, Sugaya K, Cook PR (2002) The transcription cycle of 
RNA polymerase II in living cells. J Cell Biol 159:777–782. 
doi:10.1083/jcb.200206019
Kornberg RD (2007) The molecular basis of eukaryotic transcrip-
tion. Proc Natl Acad Sci USA 104:12955–12961. doi:10.1073/
pnas.0704138104
Kosak ST, Groudine M (2004) Form follows function: the 
genomic organization of cellular differentiation. Genes Dev 
18:1371–1384
Lam YW, Trinkle-Mulcahy L (2015) New insights into nucleolar struc-
ture and function. F1000Prime Rep 7:48. doi:10.12703/P7-48
Langst G, Becker PB, Grummt I (1998) TTF-I determines the chro-
matin architecture of the active rDNA promoter. EMBO J 
17:3135–3145. doi:10.1093/emboj/17.11.3135
Larkin JD, Cook PR, Papantonis A (2012) Dynamic reconfiguration 
of long human genes during one transcription cycle. Mol Cell 
Biol 32:2738–2747. doi:10.1128/MCB.00179-12
Lavelle C, Prunell A (2007) Chromatin polymorphism and the nucle-
osome superfamily: a genealogy. Cell Cycle 6:2113–2119
Lee HY, Johnson KD, Boyer ME, Bresnick EH (2011) Relocaliz-
ing genetic loci into specific subnuclear neighborhoods. J Biol 
Chem 286:18834–18844. doi:10.1074/jbc.M111.221481
Lei EP, Corces VG (2006) RNA interference machinery influences 
the nuclear organization of a chromatin insulator. Nat Genet 
38:936–941. doi:10.1038/ng1850
Li J, Langst G, Grummt I (2006) NoRC-dependent nucleosome 
positioning silences rRNA genes. EMBO J 25:5735–5741. 
doi:10.1038/sj.emboj.7601454
Li GL et al (2012) Extensive promoter-centered chromatin interac-
tions provide a topological basis for transcription regulation. 
Cell 148:84–98. doi:10.1016/j.cell.2011.12.014
Li HB, Ohno K, Gui HX, Pirrotta V (2013) Insulators target active 
genes to transcription factories and polycomb-repressed 
genes to polycomb bodies. PLoS Genet. doi:10.1371/journal.
pgen.1003436
Machwe A, Orren DK, Bohr VA (2000) Accelerated methylation of 
ribosomal RNA genes during the cellular senescence of Werner 
syndrome fibroblasts. FASEB J 14:1715–1724
Mais C, Wright JE, Prieto JL, Raggett SL, McStay B (2005) UBF-
binding site arrays form pseudo-NORs and sequester the RNA 
357Histochem Cell Biol (2016) 145:343–358 
1 3
polymerase I transcription machinery. Genes Dev 19:50–64. 
doi:10.1101/gad.310705
Majumder S, Ghoshal K, Datta J, Smith DS, Bai SM, Jacob ST (2006) 
Role of DNA methyltransferases in regulation of human riboso-
mal RNA gene transcription. J Biol Chem 281:22062–22072. 
doi:10.1074/jbc.M601155200
Majumder S et al (2010) Methylation of histone H3 and H4 by 
PRMT5 regulates ribosomal RNA gene transcription. J Cell 
Biochem 109:553–563. doi:10.1002/jcb.22432
Mayer C, Schmitz KM, Li J, Grummt I, Santoro R (2006) Intergenic 
transcripts regulate the epigenetic state of rRNA genes. Mol 
Cell 22:351–361. doi:10.1016/j.molcel.2006.03.028
Mayer C, Neubert M, Grummt I (2008) The structure of NoRC-
associated RNA is crucial for targeting the chromatin remodel-
ling complex NoRC to the nucleolus. EMBO Rep 9:774–780. 
doi:10.1038/embor.2008.109
McStay B, Grummt I (2008) The epigenetics of rRNA genes: from 
molecular to chromosome biology. Annu Rev Cell Dev Biol 
24:131–157. doi:10.1146/annurev.cellbio.24.110707.175259
Melnik S, Deng BW, Papantonis A, Baboo S, Carr IM, Cook PR 
(2011) The proteomes of transcription factories containing RNA 
polymerases I, II or III. Nat Methods 8:963–968. doi:10.1038/
Nmeth.1705
Merz K, Hondele M, Goetze H, Gmelch K, Stoeckl U, Griesenbeck 
J (2008) Actively transcribed rRNA genes in S. cerevisiae are 
organized in a specialized chromatin associated with the high-
mobility group protein Hmo1 and are largely devoid of histone 
molecules. Genes Dev 22:1190–1204. doi:10.1101/gad.466908
Minguez A, Moreno Diaz de la Espina S (1996) In situ localization of 
nucleolin in the plant nucleolar matrix. Exp Cell Res 222:171–
178. doi:10.1006/excr.1996.0022
Mitchell JA, Fraser P (2008) Transcription factories are nuclear 
subcompartments that remain in the absence of transcription. 
Genes Dev 22:20–25
Mongelard F, Bouvet P (2007) Nucleolin: a multiFACeTed protein. 
Trends Cell Biol 17:80–86. doi:10.1016/j.tcb.2006.11.010
Mosgoeller W, Schofer C, Wesierska-Gadek J, Steiner M, Muller 
M, Wachtler F (1998) Ribosomal gene transcription is organ-
ized in foci within nucleolar components. Histochem Cell Biol 
109:111–118
Mosgoeller W, Schöfer C, Steiner M, Sylvester JE, Hozák P (2001) 
Arrangement of ribosomal genes in nucleolar domains revealed 
by detection of “christmas tree” components. Histochem Cell 
Biol 116:495–505
Oakes CC, Smiraglia DJ, Plass C, Trasler JM, Robaire B (2003) 
Aging results in hypermethylation of ribosomal DNA in sperm 
and liver of male rats. Proc Natl Acad Sci USA 100:1775–1780. 
doi:10.1073/pnas.0437971100
Osborne CS (2014) Molecular pathways: transcription factories and 
chromosomal translocations. Clin Cancer Res 20:296–300. 
doi:10.1158/1078-0432.CCR-12-3667
Osborne CS et al (2004) Active genes dynamically colocalize to 
shared sites of ongoing transcription. Nat Genet 36:1065–1071
Palstra RJ, Simonis M, Klous P, Brasset E, Eijkelkamp B, de Laat W 
(2008) Maintenance of long-range DNA interactions after inhi-
bition of ongoing RNA polymerase II transcription. PLoS One 
3:e1661
Papantonis A, Cook PR (2013) Transcription factories: genome 
organization and gene regulation. Chem Rev 113:8683–8705. 
doi:10.1021/cr300513p
Papantonis A et al (2012) TNF alpha signals through specialized 
factories where responsive coding and miRNA genes are tran-
scribed. EMBO J 31:4404–4414. doi:10.1038/emboj.2012.288
Park SK, Xiang YG, Feng X, Garrard WT (2014) Pronounced 
cohabitation of active immunoglobulin genes from three dif-
ferent chromosomes in transcription factories during maximal 
antibody synthesis. Genes Dev 28:1159–1164. doi:10.1101/
gad.237479.114
Peng JC, Karpen GH (2007) H3K9 methylation and RNA interference 
regulate nucleolar organization and repeated DNA stability. Nat 
Cell Biol 9:25–35. doi:10.1038/ncb1514
Phatnani HP, Greenleaf AL (2006) Phosphorylation and functions of 
the RNA polymerase II CTD. Genes Dev 20:2922–2936
Pietrzak M, Rempala G, Nelson PT, Zheng JJ, Hetman M (2011) Epi-
genetic silencing of nucleolar rRNA genes in Alzheimer’s dis-
ease. PLoS One. doi:10.1371/journal.pone.0022585
Prasanth KV, Sacco-Bubulya PA, Prasanth SG, Spector DL (2003) 
Sequential entry of components of the gene expression 
machinery into daughter nuclei. Mol Biol Cell 14:1043–1057. 
doi:10.1091/mbc.E02-10-0669
Preuss SB et al (2008) Multimegabase silencing in nucleolar domi-
nance involves siRNA-directed DNA methylation and spe-
cific methylcytosine-binding proteins. Mol Cell 32:673–684. 
doi:10.1016/j.molcel.2008.11.009
Prior CP, Cantor CR, Johnson EM, Littau VC, Allfrey VG (1983) 
Reversible changes in nucleosome structure and histone H3 
accessibility in transcriptionally active and inactive states of 
rDNA chromatin. Cell 34:1033–1042
Putnam CD, Copenhaver GP, Denton ML, Pikaard CS (1994) The 
RNA polymerase I transactivator upstream binding factor 
requires its dimerization domain and high-mobility-group 
(HGM) box 1 to bend, wrap, and positively supercoil enhancer 
DNA. Mol Cell Biol 14(10):6476–6488
Quin JE, Devlin JR, Cameron D, Hannan KM, Pearson RB, Han-
nan RD (2014) Targeting the nucleolus for cancer inter-
vention. Bba-Mol Basis Dis 1842:802–816. doi:10.1016/j.
bbadis.2013.12.009
Ragoczy T, Bender MA, Telling A, Byron R, Groudine M (2006) The 
locus control region is required for association of the murine 
beta-globin locus with engaged transcription factories during 
erythroid maturation. Genes Dev 20:1447–1457
Rao SS et al (2014) A 3D map of the human genome at kilobase reso-
lution reveals principles of chromatin looping. Cell 159:1665–
1680. doi:10.1016/j.cell.2014.11.021
Raska I, Shaw PJ, Cmarko D (2006) New insights into nucleo-
lar architecture and activity. Int Rev Cytol 255:177–235. 
doi:10.1016/S0074-7696(06)55004-1
Rieder D et al (2014) Co-expressed genes prepositioned in spatial 
neighborhoods stochastically associate with SC35 speckles and 
RNA polymerase II factories. Cell and Mol Life Sci: CMLS 
71:1741–1759. doi:10.1007/s00018-013-1465-3
Rodriguez-Corona U, Sobol M, Rodriguez-Zapata LC, Hozak P, 
Castano E (2015) Fibrillarin from Archaea to human. Biol Cell 
107:159–174. doi:10.1111/boc.201400077
Roussel P, Andre C, Masson C, Geraud G, Hernandezverdun D 
(1993) Localization of the RNA polymerase-I transcription fac-
tor hUBF during the cell cycle. J Cell Sci 104:327–337
Russell J, Zomerdijk JC (2006) The RNA polymerase I transcription 
machinery. In: Biochemical society symposium, pp 203–216
Sanij E et al (2008) UBF levels determine the number of active ribo-
somal RNA genes in mammals. J Cell Biol 183:1259–1274. 
doi:10.1083/jcb.200805146
Santoro R, Li J, Grummt I (2002) The nucleolar remodeling com-
plex NoRC mediates heterochromatin formation and silenc-
ing of ribosomal gene transcription. Nat Genet 32:393–396. 
doi:10.1038/ng1010
Schlesinger S, Selig S, Bergman Y, Cedar H (2009) Allelic inactiva-
tion of rDNA loci. Genes Dev 23:2437–2447
Schmitz KM, Mayer C, Postepska A, Grummt I (2010) Interaction 
of noncoding RNA with the rDNA promoter mediates recruit-
ment of DNMT3b and silencing of rRNA genes. Genes Dev 
24:2264–2269. doi:10.1101/gad.590910
358 Histochem Cell Biol (2016) 145:343–358
1 3
Schoenfelder S et al (2010) Preferential associations between co-
regulated genes reveal a transcriptional interactome in erythroid 
cells. Nat Genet 42:53–61. doi:10.1038/ng.496
Schofer C, Weipoltshammer K, Almeder M, Wachtler F (1998) 
Arrangement of individual human ribosomal DNA fragments 
on stretched DNA fibers. Histochem Cell Biol 110:201–205
Schubeler D, Francastel C, Cimbora DM, Reik A, Martin DI, Grou-
dine M (2000) Nuclear localization and histone acetylation: a 
pathway for chromatin opening and transcriptional activation of 
the human beta-globin locus. Genes Dev 14:940–950
Shiao YH et al (2011) Ontogeny-driven rDNA rearrangement, meth-
ylation, and transcription, and paternal influence. PLoS One 
6:e22266. doi:10.1371/journal.pone.0022266
Spilianakis C, Kretsovali A, Agalioti T, Makatounakis T, Tha-
nos D, Papamatheakis J (2003) CIITA regulates transcrip-
tion onset viaSer5-phosphorylation of RNA Pol II. EMBO J 
22:5125–5136
Stefanovsky VY, Moss T (2008) The splice variants of UBF differ-
entially regulate RNA polymerase I transcription elongation in 
response to ERK phosphorylation. Nucleic Acids Res 36:5093–
5101. doi:10.1093/nar/gkn484
Stults DM et al (2009) Human rRNA gene clusters are recom-
binational hotspots in cancer. Cancer Res 69:9096–9104. 
doi:10.1158/0008-5472.CAN-09-2680
Sutherland H, Bickmore WA (2009) Transcription factories: gene 
expression in unions? Nat Rev Genet 10:457–466
Tessarz P, Santos-Rosa H, Robson SC, Sylvestersen KB, Nelson CJ, 
Nielsen ML, Kouzarides T (2014) Glutamine methylation in 
histone H2A is an RNA-polymerase-I-dedicated modification. 
Nature 505:564–568. doi:10.1038/nature12819
Tornaletti S, Andersen AH, Christiansen K, Pedrini AM (1992) 
8-methoxycaffeine inhibition of Drosophila DNA topoisomer-
ase II. Biochim Biophys Acta 1131:30–33
Uemura M, Zheng Q, Koh CM, Nelson WG, Yegnasubramanian S, 
De Marzo AM (2012) Overexpression of ribosomal RNA in 
prostate cancer is common but not linked to rDNA promoter 
hypomethylation. Oncogene 31:1254–1263. doi:10.1038/
onc.2011.319
Verma-Gaur J, Torkamani A, Schaffer L, Head SR, Schork NJ, 
Feeney AJ (2012) Noncoding transcription within the Igh dis-
tal V-H region at PAIR elements affects the 3D structure of the 
Igh locus in pro-B cells. Proc Natl Acad Sci USA 109:17004–
17009. doi:10.1073/pnas.1208398109
Verschure PJ, van der Kraan I, Manders EMM, van Driel R (1999) 
Spatial relationship between transcription sites and chromo-
some territories. J Cell Biol 147:13–24
Viktorovskaya OV, Schneider DA (2015) Functional divergence of 
eukaryotic RNA polymerases: unique properties of RNA poly-
merase I suit its cellular role. Gene 556:19–26. doi:10.1016/j.
gene.2014.10.035
Wachtler F, Schwarzacher HG, Ellinger A (1982) The influence of 
the cell cycle on structure and number of nucleoli in cultured 
human lymphocytes. Cell Tissue Res 225:155–163
Wachtler F, Hopman AHN, Wiegant J, Schwarzacher HG (1986) On 
the position of nucleolus organizer regions (NORs) in inter-
phase nuclei. Exp Cell Res 167:227–240
Wachtler F et al (1991) Transcribed and nontranscribed parts of the 
human ribosomal gene repeat show a similar pattern of distribu-
tion in nucleoli. Cytogenet Cell Genet 57:175–178
Walter J, Schermelleh L, Cremer M, Tashiro S, Cremer T (2003) 
Chromosome order in HeLa cells changes during mitosis and 
early G1, but is stably maintained during subsequent interphase 
stages. J Cell Biol 160:685–697
Wansink DG, Schul W, van der Kraan I, van Steensel B, van Driel R, 
de Jong L (1993) Fluorescent labeling of nascent RNA reveals 
transcription by RNA polymerase Ii in domains scattered 
throughout the nucleus. J Cell Biol 122:283–293
Wansink DG, Sibon OCM, Cremers FM, van Driel R, de Jong L 
(1996) Ultrastructural localization of active genes in nuclei of 
A431 cells. J Cell Biochem 62:10–18
Weipoltshammer K, Schofer C, Wachtler F, Hozak P (1996) The tran-
scription unit of ribosomal genes is attached to the nuclear skel-
eton. Exp Cell Res 227:374–379
Wendt KS et al (2008) Cohesin mediates transcriptional insulation 
by CCCTC-binding factor. Nature 451:796–801. doi:10.1038/
nature06634
Xie W et al (2012) The chromatin remodeling complex NuRD 
establishes the poised state of rRNA genes characterized by 
bivalent histone modifications and altered nucleosome posi-
tions. Proc Natl Acad Sci USA 109:8161–8166. doi:10.1073/
pnas.1201262109
Yan PS, Rodriguez FJ, Laux DE, Perry MR, Standiford SB, Huang 
TH (2000) Hypermethylation of ribosomal DNA in human 
breast carcinoma. Br J Cancer 82:514–517. doi:10.1054/
bjoc.1999.0955
Zaidi SK, Young DW, Montecino MA, Lian JB, van Wijnen AJ, Stein 
JL, Stein GS (2010) Mitotic bookmarking of genes: a novel 
dimension to epigenetic control. Nat Rev Genet 11:583–589. 
doi:10.1038/nrg2827
Zentner GE, Henikoff S (2013) Regulation of nucleosome dynamics 
by histone modifications. Nat Struct Mol Biol 20:259–266
Zhang YB et al (2013) Chromatin connectivity maps reveal dynamic 
promoter-enhancer long-range associations. Nature 504:306. 
doi:10.1038/nature12716
Zhou GL et al (2006) Active chromatin hub of the mouse alpha-glo-
bin locus forms in a transcription factory of clustered house-
keeping genes. Mol Cell Biol 26:5096–5105. doi:10.1128/
MCB.02454-05
Zillner K, Komatsu J, Filarsky K, Kalepu R, Bensimon A, Nemeth 
A (2015) Active human nucleolar organizer regions are inter-
spersed with inactive rDNA repeats in normal and tumor cells. 
Epigenomics 7:363–378. doi:10.2217/epi.14.93
